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Introduction

» Why analyze runtime behavior?
» How to analyze it for software lifecycle? — Hot Paths (1 in a million)
» Path profiling:
» Dynamic Profiling:
Digital Mars C++
» Group functions that call each other
» Static Profiling:
Predict runtime behavior before the program runs

» Applications - Branch Prediction, Trace formation, Basic Block placement
optimization



Why not Dynamic Profiling?

» Needs representative production environment

» Computationally Expensive

» |In for a penny, in for a pound



Static Profiling — CrystalBall

» Program behavior is latent within instructions
» Higher the quality of static analysis => better runtime prediction
» Can leverage large amount of data

» Language independent — uses Intermediate Representation (IR)

» IR — Semantic + Low - level Ops
Compilers - GCC, LLVM (Low Level Virtual Machine)

» Sequence of blocks => use RNN



Intermediate Representation

C++ Function -
int mul_add(int x, inty, int z){

return x *y + z;

}

define i32 @mul_add(i32 %x, i32 %y, i32 %z) {
entry:

IR

%tmp = mul i32 %Xx, %y
%tmp2 = add i32 %tmp, %z
reti32 %tmp2



Basic Block

Source Code:

Basic Blocks:
w =0;
w =0;
XEXTY; X=Xy, B1
y=0; y =0;
if (x>2){ if (x> 2)
y=X;
. Y=X;
X++;
X++, B2
}
else{ —
Yy =12 B3
y=12; Z++;
Z++;
}
W =X+2; B4




Ball Larus Path Profiling

» Convert each function to Directed Acyclic Graph (DAG)

» Back edges are removed in DFS . .

» Unique sum of edge weight for a paf =L

Fig. 1: Example of function path enumeration using Ball-Larus
algorithm (left - edge weights between basic blocks, right -
example of path reconstruction)



Performance Metrics
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Solution — AUROC (Area Under ROC)

TPR (Recall) = TP/ (TP + FN)
FPR = FP/(FP+TN)
TPR = FPR (Random)

More area => better classifier

True Positive Rate
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Crystal Ball - Overview

Compiler Sequence Learning

ek




Crystal Ball - Implementation

> Data Collection: Using Profiling Instrumentation

» Static Data Extraction
> Basic Block to feature vector

» Path Sampling —
» Include all Hot Paths
» Proportional Sampling for Cold paths
» Equal number of Cold paths for every
function (2000)

» Training: leave-one-program-out
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LSTM Architecture

Instruction
Count Vectors

V = input vector size

Layer 1

Adjust

Layer 2

Adjust Weights

(f)

Timestep 1
BB1
256xV (a)

Weights

(b)

Time Distributed
Softmax
(0to 1)

A

Compare to
Ground Truth

(E) Adjust Weights

Timestep 2

BB2

256 xV

Adjust Weights

Softmax
(0to 1)

Time Distributed

Compare to
Ground Truth

Timestep 3

BB3

256xV

Adjust Weights

Time Distributed
Softmax
(0to 1)

Adjust Weights

v

P
Compare to
Ground Truth

Timestep t

| Exit BB

256xV

256 LSTM

cells
256

Adjust Weights

256

Time Distributed
Softmax
(0Oto 1)

Adjust Weights

Y
Compare to

Ground Truth
N~




IR A — R - wgoueex
........................................................... MOEEQH«W ot o+ A——vii.ﬁi—z.—i—z.——-ll B 1 VWEDUCM_MX
+ F - Jawwans
.............................................. exuiyds A_H_H_v '
; SRTETR HH b---- - L TF exuds
............................................................ xa|dos
! + ++ - - xe|dos
........................................ fieinod m FHEHE A - = - - = - | fesnod
IS U SR U SR SR a
W ddhauuio “m_c + 0+ 4 - - o [ ddjsuwo 0
' v
.................. puieu m - [ Hpuweu M
| i W t+ - T =
.................. pw Ne) ==L F i {pw )
m e
........ wnjuenbg| mc i #- - - L[| umuenba) 0
” e
............. DERNSa] m + 1= [ F---- + qpgaise| m
g — + F {1 Jug 9
m T R 1 T Hmewuwy o
............................... Jawuwy ot =
o ERis o EE bbb 1 T F{emony Dma
i rocy M S A T sorwoib S
sJewioib M F b b b - - - - - LT 94wqob —
......... . fugod ) N E— o0
m — .
......... e it S SR wwb — ttmmmmmmmmm----={ T F{pipiswsb H
......... pIpyswab Wc - - - - - - - - [ 150
........ J 16 o + oft HoF TR - - 1jeap
m ep o I-- -1 Hiese
m _ ' ] ' h =] ] ] ~ ) n < m N L] o
: : : , : 5 9 ¢ ¢ o o o o o o ©
|J_ ......... h ......... m. ........ m. ........ ,1 ........ m wm”«mm r ~ ~ ~ ] ] ~ ] ] ] =
o o o o © o0 ©o o o o
® © % N O ® © ¢ N
~ ~ ~ ~ ~
$20|g J1seg
D .
o
P ; T T T T o
Eon = a
h V _m : oy - . ™ @ .m )
H | =
A T oL@ 3 £ m c =
o EES>Saoc o =
n v 1 S EDS ool =)
R CoQnmnn X o =
LL] f L = =
: [ ; ©
oy o L] 4
: Vol =
n e e
P E =
: __, __ “— - 2 o m
_ R T m 5 18 £ o
H 1 5 < m .m 3 (8] =
b S EETT C = & —
W) R ccS8SQEEE 5 O
o g 2
TR E =
i Vo 18z '@
_f ,, ._. 3 =
c | 2 g :
| 2% .
M g VoA | S— wn £ € D)
b\ \ T 5 —
0Y0) _”,/, 28g58sc¢ I
f / v T T OO OO D
£ N |m le
ﬂ#‘_,_ _” NN ! i “ “ ~ o]
/u.,‘_._‘.._.._ / //./ P A
r //(/# / ///,// 9
al N\ - |
/// ,M-Mdrufi.fﬁ /,.,.,,r“if(.rl .w.c
(=] o o o o o 00
m o0 w = ™~

QW] uonniax3 jo abejuadiad aAie|nWND



Logistic regression - B&W static path classifier

» Removed Features specific to java code

» Added IR specific feature

» Hand crafted features

» One feature vector per path

» B& W model —0.83 AUROC, Crystal Ball—0.85
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Fig. 15: Most important feature weights



Results -
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Fig. 13: F, scores by program

Fig. 12: AUROC by program



Future Work/Caveats

» Although AUROC is best among the shown measure, greater
AUROC value doesn’t guarantee better model.

Actual improvement in runtime behavior of a program?
LSTM can just be used for feature extraction
Novelty detection problem — SVM, K- Means

YV V V V

Various Optimization flags and IR combination can be tried out.



Questions?



